Abstract. A simple method is used to separate the tidally induced and densitydriven subtidal flows in a coastal plain estuary. This method is applicable to weak wind conditions and to systems with appreciable fortnightly variation of tidal amplitude. The baroclinic density-driven motion is assumed to depend on the river discharge, which generates a horizontal density gradient, and is weakened by vertical mixing, which in turn depends on tidal forcing. The barotropic tidally induced motion is assumed to be a function of the tidal amplitude. By Taylor By extending the proposed method, we suggest that future studies use a least squares fitting technique to obtain an optimal estimate for the tidally induced and density-driven subtidal flow components.
tions to the subtidal flow. Specifically, a simple method is presented to separate the density-driven and tidally induced flows from the subtidal flow signal. In section 2, an overview of previous studies on the tidally induced and density-driven circulation is presented. A method for the separation of the two components is then proposed. Subsequently, an application of this method is demonstrated for an acoustic Doppler current profiler (ADCP) data set obtained in the James River Estuary in the fall of 1996.
Background: Tidally Induced Versus Density-Driven Flows
In many estuaries, tidally induced and density-driven flows are the major components of the subtidal flow. The increased need for a better understanding of the transport of waterborne materials in coastal plain estuaries has prompted considerable studies for both twodimensional and three-dimensional structures of the subtidal flows [Hamrick, 1979; Kjerfve, 1978 Kjerfve, , 1986 [Ianniello, 1977a, b] . This type of twolayer circulation is the opposite of the gravitational flow of Pritchard [1952 Pritchard [ , 1954 Pritchard [ , 1956 ] and Hansen and Rattray [1965] , which is seaward in the upper layer and landward below.
Studies on models of nonrectangular cross sections [Hamrick, 1979; Wong, 1994 ] have shown that a lateral variation of depth causes a lateral variation of turbulence and bottom friction, which results in a tilt of the conventional gravitational flow of Pritchard [1952 Pritchard [ , 1954 Pritchard [ , 1956 and Hansen and Rattray [1965] ; that is, the flow pattern changes from one with pure vertical shear to one with lateral shear. Since the horizontal pressure force due to a horizontal density gradient is proportional to the local depth, the tendency of the heavier salty water to replace the lighter freshwater landward is stronger in Interestingly, when the lateral depth variation is taken into account, the two-layer tidally induced mean flow of Ianniello [1977a, b] is tilted across the estuary as well.
Application of a three-dimensional numerical model developed by Li and Fang [1995] demonstrated landward flow over the shoals and seaward flow in the channel [Li, 1996] . Numerical model studies applied to the James River Estuary [Friedrichs and Hamrick, 1996] and the upper Chesapeake Bay [Wang and Chao, 1996; Galperin and Mellor, 1990 ] also showed this type of mean flow. Li [1996] presented a systematic study on the effects of the lateral depth variation, which showed similar results. The study suggests that in shallow estuaries of significant lateral depth variation, the mean exchange flow is often as strong laterally as it is vertically.
Several two-dimensional (2-D) and three-dimensional (3-D) analytical models and a 2-D numerical model developed by
An extreme case of this type of subtidal flow is when the shoal is so shallow that it becomes a drying sandbank which only experiences the flood phase of the tide. Under this condition, it is easier to understand why the tidally induced net flow over the shoal should be land- 
Separating the Tidally Induced Flow From the Gravitational Flow
The circulation in estuaries is nonlinear by nature.
The nonlinearities arise from the advection of momentum, finite water elevation, which enters the problem as a surface kinematic boundary condition, and bottom friction [Parker, 1991] . These nonlinearities drive the tidally induced circulation [Ianniello, 1977a, b] and its interaction with the density-driven circulation. Therefore, in general, the subtidal horizontal velocity u can be expressed as u = uvt q-UVc (1) in which uvt is the barotropic component of the subtidal flow in the absence of a density gradient and UVc is the baroclinic component of the subtidal flow, generated by a nonuniform density field. In the following, we will use the terms "barotropic component" and "tidally induced flow" interchangeably. We will also use the terms "baroclinic component" and "density-driven flow" interchangeably. The velocity components in ( 
The theoretical model of Hansen and Rattray [1965] shows that an increase of vertical eddy viscosity reduces the gravitational flow, which has been demonstrated by experiments [Linden and Simpson, 1988] and observed in estuaries [Peters, 1997] . In addition, according to an empirical relationship of Bowden [1967] and a theoretical result of Ianniello [1977a] , the eddy viscosity is proportional to the amplitude of the tidal velocity, which in turn is proportional to the amplitude of tidal elevation. A larger tidal forcing therefore causes more intense mixing, which in turn reduces the gravitational flow. This feature is represented in the inverse proportionality of U•c to a in (8) or (9). A similar relationship was suggested by Godfrey [1980] for the James River Estuary. Therefore (8) and (9) are consistent with these On the bases of (4) The river discharge before and during the first cruise (October 26-27) was moderate with a mean around 125 m3/s ( Figures 9a and 9b) , while the surface current was above 4 m and was located between 2 and 3.5 km along transect 1 or the downstream transect (Figure 9a) and between 1 and 3 km along transect 2 or the upstream transect (Figure 9b ). During the neap tides, the subsurface maximum over the channel was centered at -• 5-6 m depth for both transects (Figures 10a and  10b) , while the surface maximum was above 4 m and was located between 0.5 and 3.3 km along transect 1 (Figure 10a ) and between 0.5 and 2.9 km along transect 2 (Figure 10b) . 
Discussion
The application of our method to the James River Estuary showed that the baroclinic component of the Because of its simplicity, the method presented here may be easily applied to other shallow estuaries to obtain first-order results of the tidally induced and density-driven flows if the river discharge is moderate and wind is weak. The applicability of this method to other tidal and river discharge regimes shall be explored as more data become available.
In section 3, the barotropic and baroclinic components were obtained without calculating a and •. The parameters can be obtained with the following equations' a(S)u(n) _ u(S)a(n) Obviously, the proposed method requires that the denominators of (19)- (22) In the future, as more observations are acquired in estuaries, this extended method can be implemented and tested. Obviously, different sets of base functions other than those suggested in (24) and in the Appendix can be experimented. This method is rather generic and should be applicable to many estuaries except when the river runoff is too large for gravitational flow to develop inside the estuary, when the wind is dominant over tidally induced flow and gravitational circulation, or when both the spring-neap variability in tidal forcing and the river discharge variability are small. Future studies on this subject should include high-resolution numerical models as the simple method proposed here is not based on a rigorous consideration of dynamics. It is worth mentioning that since (8) is based on the assumption that Ubc(C• = 0) = 0, it implies that the system has reached certain equilibrium. In general, the response of the density gradient to the change of river flow takes some time. If the river discharge approaches zero, a finite density gradient may still exist for a certain period of time and Ubc(O) will be nonzero. Therefore, for nearzero discharge, the expansion (7)-(9) may have larger relative errors during a transient period. Practically, the smoother the river discharge variation, the better the approximation of (7)-(9) should be. An alternative of using the river discharge to express the baroclinic flow is using the horizontal density (or salinity) gradient, which should be able to eliminate the limitation of the method presented here. That, however, requires hydrographic data along the estuary. Future studies may compare the two methods, which may provide insight to the dynamics such as how the baroclinic flow will be affected by the variation of river flow. This method is likely to be invalid in regions of high spatial derivatives such as in a strong frontal area [O'Donnell, 1993]. Therefore it may not be applicable to salt-wedge estuaries or fjords. In the James River Estuary, for the period studied, the barotropic component during spring tides had a similar order of magnitude as that of the baroclinic componentß Since the two components had opposite patterns of exchange flows, the total subtidal flow during the spring tide was smaller than that during the neap tide. Because the subtidal current during the spring tide was a result of the difference of two functions of similar magnitude, the correlation of the subtidal current with the bathymetry was not well established. In contrast, the subtidal current during the neap tides had a clearer correlation with the bathymetry and resembled the pattern of the baroclinic flow since the barotropic component was at its minimum.
Summary
The proposed method is applicable to estuaries where the residual circulation is controlled primarily by tidally rectified current and gravitational circulation. Without modification, it may not work in estuaries where the residual circulation is dominated by wind-driven circulation.
